Using quasiparticle self-consistent GW calculations we examined the electronic structure of LaNiO3 and the LaNiO3/LaAlO3 superlattice. The effects of electron correlation in Ni-d bands were reasonably well described without any ad hoc parameter and without the ambiguity related to the double-counting and downfolding issues. The effective mass is about 30% enhanced compared to the GGA result. One band feature, which is believed to be essential for the cuprate-like superconductivity, is not realized and the central Fermi surface pocket does not disappear. Our result is consistent with a recent dynamical mean field calculation based on the d-p model and in contrast to the result from a d-band only model.
I. INTRODUCTION
Recently nickelate superlattices have attracted considerable attention, especially due to the reported possibility of high-temperature superconductivity. A recent dynamical mean field theory (DMFT) calculation reported that the band structure of LaNiO 3 /LaAlO 3 (LNO/LAO)-type heterostructure can be cuprate-like [1] while another DMFT calculation based on a Hubbard Hamiltonian explicitly containing oxygen p bands made a different prediction [2] . Also, an intriguing metal-insulator transition (MIT) accompanied by magnetic transition was observed [3] .
From the theoretical point of view, it is a great challenge to describe the correct ground state of LNO as well as a LNO/LAO superlattice based on the first-principles method. Conventional LDA or GGA overestimates the bandwidth and underestimates the effective mass while the correct paramagnetic (PM) ground state is reproduced for LNO [4] . This limitation is clearly manifested when it is applied to LNO/LAO. While LNO/LAO becomes magnetic and insulating in the thin LNO limit [3, [5] [6] [7] , LDA/GGA still gives a PM and metallic ground state [8] . Since the LDA+U type of approach strongly prefers the magnetic ground state, it yields a local moment at the Ni site in the LNO/LAO, consistent with experiments in the thin LNO limit [3] , but the problem is that LDA+U cannot describe the correlated PM phase. As a result, for the thick LNO limit of the superlattice and for bulk LNO, LDA+U predicts a ferro-(or antiferro-) magnetic ground state, which is in sharp contrast with * Electronic address: mj.han@kaist.ac.kr the reality [9] . Although DMFT is one of the ways to go beyond LDA+U especially for the correlated PM phase, there is a discrepancy between two DMFT results for the Fermi surface topology of the LNO/LAO superlattice as mentioned above [1, 2] . This demonstrates the limitation of the current DMFT scheme as an ideal first-principles electronic structure calculation method. The ambiguities inevitably arise from the downfolding, projection, U and J parameters, and double-counting terms. From this perspective, the nickelate superlattice is an archetypal example that challenges the predictive power of current first-principles methods to simulate correlated electron systems.
Here we take an alternative approach, namely, the quasiparticle self-consistent GW (QSGW) method. Without any ad hoc parameter, QSGW gives a reasonable band structure in terms of the bandwidth and the effective mass both for LNO and the superlattice. Importantly, our calculation shows that the band structure of LNO/LAO does not become cuprate-like, which supports the conclusion of the DMFT result based on the d-p model.
II. COMPUTATION METHOD
A. Quasiparticle self-consistent GW method
The QSGW was originally introduced by Faleev, van Schilfgaarde and Kotani [10] , and has now become a widely used standard method with which one can calculate H 0 (non-interacting Hamiltonian describing quasiparticles (QPs) or band structures) and W (dynamicallyscreened Coulomb interactions between the QPs within the random phase approximation (RPA)) in a self-consistent manner. Note that QSGW fully takes into account the non-locality of the one-particle potential. This feature is distinctive from DMFT, in which the nonlocality connecting different atomic sites is often missing, whereas dynamical effects can be incorporated with the one-particle potential.
While the one-shot GW is a perturbative calculation starting from a given H 0 (usually from the H 0 of Kohn-Sham Hamiltonian in GGA/LDA), QSGW is a self-consistent perturbation method that can determine the one-body Hamiltonian within itself. To be clearer, let us recall that the GW approximation gives the oneparticle effective Hamiltonian whose energy dependence comes from the self-energy term Σ(ω) (here we omit index of space and spin for simplicity). In QSGW, the static one-particle potential V xc is generated from Σ(ω) as
where ε i and |ψ i refer to the eigenvalues and eigenfunctions of H 0 , respectively, and Re[Σ(ε)] is the Hermitian part of the self-energy [10] [11] [12] . With this V xc , one can define a new static one-body Hamiltonian H 0 , and continue to apply GW approximation until converged. In principle, the final result of QSGW does not depend on the initial conditions. Previous QSGW studies, ranging from semiconductors [11, 12] to the various 3d transition metal oxides [11] [12] [13] and 4f -electron systems [14] , have demonstrated its capability in the description of weakly and strongly correlated electron materials.
B. Computation details
We used our new implementation of QSGW [15] by adopting the 'augmented plane wave (APW) + muffintin orbital (MTO)', designated by 'PMT' [16, 17] , for the one-body solver. The accuracy of this full potential PMT method is proven to be satisfactory in the supercell calculations of homo-nuclear dimers from H 2 through Kr 2 with the significantly low APW energy cutoff of ∼ 4 Ry by including localized MTOs [17] . A key feature of this scheme for QSGW is that the expansion of V xc can be made with MTOs, not APWs, which enables us to make the real space representation of V xc at any k point. It can therefore be similar to another implementation of QSGW based on the maximally localized Wannier functions [18] . Also, in contrast to a previous approach based on FP-LMTO (full potential linearized muffin-tin orbital) [12] , our scheme is free from the fine tunings of MTO parameters. The basis set for the eigenfunctions can be enlarged systematically with the APW cutoff and no empty sphere is required.
The lattice constant used for LNO (cubic perovskite) is 3.86Å. For (LNO) 1 /(LAO) 1 , the in-plane lattice is set to be 3.905Å (SrTiO 3 value as the substrate) while the c lattice parameter and the internal atomic positions were optimized with GGA. We assumed that the tetragonal symmetry is preserved and that rotational or breathingtype distortion does not occur because enlarging the unitcell requires too much computation cost for our QSGW calculation. Since such distortions can be realized and the oxygen cage rotations generally reduce hopping, the correlation effect in our calculation might be underestimated as discussed further below. We used 8×8×4=256 For the effective mass of LNO, the Γ to (R, M, X) and R to (Γ, M, X) lines are taken for the electron and hole mass, respectively, and the average values are presented. For LNO/LAO, Γ(M) to (X(X), M(Γ)) and Z(A) to (A(R),R(Z)) lines are taken for electron (hole).
and 8×8×8=512 k points for the self-energy calculation in the first Brillouin zone of (LNO) 1 /(LAO) 1 and LAO, respectively. The convergency of the present results is robust against the change of the number of k points and the other cutoff parameters.
III. RESULT AND DISCUSSION
A. Electronic structure of LaNiO3
As a prototype example that shows the limitation of the conventional first-principle methodologies, bulk LNO has been examined by several advanced methods. For example, Deng et al. [19] applied their LDA+DMFT to bulk cubic LNO. Gou et al. performed a comparative study using LDA, GGA, LDA+U and hybrid functional [20] .
Our result is presented in Fig. 1 . The band structure obtained by QSGW is markedly different from GGA. First of all, the Ni-e g bandwidth is notably reduced. The antibonding part of the Ni-e g dispersion reaches up to 3.0 eV in GGA result ( Fig. 1(a) ) while it is 2.4 in QSGW ( Fig. 1(b) ). The bandwidth reduction is about ∼1.2 eV. This result clearly shows that the QSGW captures the correlation effect which is poorly described by the conventional LDA/GGA type of approach. Another notable difference is that two e g bands across the Fermi level are completely decoupled from the other bands in QSGW, which is not the case in GGA. The bonding part is also affected. In GGA, the bonding combination of Ni-e g is located in between −4.8 and −7.5eV ( Fig. 1(a) ) whereas, in QSGW, it is in between −5.8 and −8.3 eV (Fig. 1(b) ). For the bonding part, the bandwidth change is not significant while the location is pushed down [21] . The t 2g complex is also slightly changed by QSGW.
The bandwidth reduction and the electronic correlation captured by QSGW are important for determining material properties since the effective mass is enhanced accordingly. It is found that the effective electron and hole mass calculated by QSGW are about 40 % larger than GGA values (Table I) .
Notable changes are also found in the higher energy regions. The La-4f bands located at ∼5 eV in GGA are pushed away by QSGW. Since the unphysical energy position of La-4f significantly affects material properties (e.g., bond length and binding energy), this feature should be corrected in the LDA+U or +DMFT approach. It causes another ambiguity in determining the additional parameters for La-f orbitals (or other rareearth elements) besides the transition metal d. In this regard, therefore, QSGW has a clear advantage with no adjustable parameter [22] . Relatively deep core level bands (at around −15 eV or below; not shown) are found to be pushed down by a few electron volts in QSGW results which can be important for interpreting, for example, the X-ray spectroscopic data related to such a level position.
It is instructive to compare our QSGW result with the previous DMFT by Deng et al. [19] . For this purpose, we present the enlarged band dispersion around the Fermi level in Fig. 2 . The downshift of t 2g bands (just below the anti-bonding e g complex), one of the main findings of Ref. 19 , is clearly observed in our QSGW result. Another important feature in DMFT spectra is the 'kink' at around −0.2 eV which compares well with the angleresolved photoemission spectroscopy (ARPES) [23] . Noticeably, QSGW somehow captures such a feature: Compared to GGA, the reduced e g bandwidth around the Fermi level results in the flattening of the band. In particular, the flat band along X-Γ at around −0.6 eV (see Fig. 2 ) is a shade of the 'kink' in DMFT and ARPES. Specifically, we note that the DMFT QP dispersion with ImΣ = 0 + goes to −0.6eV at the Γ point which is in good agreement with our QSGW dispersion. Mainly designed to construct the optimized QP picture, QSGW does not properly include the low energy magnetic fluctuation whereas the charge fluctuation is taken into account within RPA [24] . Therefore, by incorporating such an effect in the self-energy, we expect further flattening of the band and the kink-like structure, being more similar with ARPES and DMFT. Importantly, our QSGW calculation of cubic LNO yields the well-converged PM solution. While LDA/GGA calculations (U =0) predict the PM ground state for the bulk LNO, they significantly underestimate the correlation effects. On the other hand, the LDA/GGA+U calculation gives a magnetically ordered ground state which is in sharp contrast to the experiment. It demonstrates a clear limitation of the Hartree-Fock type of approach like LDA/GGA+U in the description of correlated PM phase. In this regard, QSGW has a definitely better aspect. Within the current implementation of QSGW, however, it is difficult to say that the PM phase is more stable energetically than the ferro (or anti-ferro) by com- paring their total energies. We observed that a small difference in the computational settings can change the results regarding magnetic stability. It is basically a numerical instability and can be remedied in principle by improving our implementation [25] . At the same time, we presume that this instability is also related to the intrinsic magnetic instability of the system.
B. Electronic structure of (LaNiO3)1/(LaAlO3)1
One of the most interesting issues in the LNO/LAO superlattice may be the Fermi surface topology. According to the DMFT calculation by Hansmann et al. [1] , the inclusion of U causes the Fermi surface of LNO/LAO to be cuprate-like and only the d x 2 −y 2 band is available around the Fermi energy. However, another DMFT calculation [2] arrived at a different conclusion. Based on the d-p model which contains the oxygen bands explicitly in the DMFT procedure, Han et al. obtained a different spectra; i.e., two e g bands across the Fermi level and the central Fermi surface pocket is present even in the large U region. Since similarity or dissimilarity with the cuprate band structure was key to predicting possible high-temperature superconductivity in this superlattice, the correct description of electronic structures is of critical importance. The different conclusions by two DMFT calculations therefore require further examination. Also,
FIG. 4:
The Fermi surface of LNO/LAO superlattice calculated by QSGW, which corresponds to the band dispersion of Fig. 2(b) . The size of central pocket is slightly increased from the GGA result being consistent with Ref. [2] .
the situation demonstrates the inherent ambiguity in the current DFT (density functional theory) +DMFT formalism; e.g., the issues of double-counting, downfolding/projection, and the determination of U and J.
The QSGW method can be a good complementary choice as the fully charge self-consistent method with no adjustable parameter. The calculated band dispersion and the projected density of states (PDOS) are presented in Fig. 3 . The GGA band in Fig. 3(a) compares well with the previous LDA or GGA calculations [8] . In the QSGW result presented in Fig. 3(b) , two Ni-e g bands around the Fermi energy are reduced in their widths and separated from the Ni-t 2g complex as observed in the bulk LNO ( Fig. 1(b) ). The bandwidth reduction is about 1.3 eV. In QSGW, the top of the Ni-e g bands are clearly lower than the bottom of the upper bands with a free electronlike feature around the Γ point. The La-4f level is pushed above from 4 to 10.5 eV as also noted in Fig. 1 , and the core level bands are pushed down by ∼3 eV (not shown). The mass enhancement in the superlattice is comparable to that in LNO: The calculated effective electron and hole mass by QSGW are ∼40 and 30 % larger than the GGA values, respectively (see Table I ).
Most importantly, the QSGW Fermi surface has the same topology as in GGA (see Fig. 4 ). The central Fermi surface still exists and the topology does not support the one-band physics of cuprates. The size of this central pocket is slightly increased from the GGA result, which is also observed in the DMFT calculation in Ref. [2] . This result is therefore consistent with the DMFT result of Ref. 2 rather than Ref. 1. Without any adjustable parameter or the ambiguity related to down-folding or double-counting, our QSGW results provide important new information for understanding the electronic structure and possible high-temperature superconductivity especially in the context of two previous DMFT studies yielding different conclusions.
Another interesting aspect of the nickelate superlattice is the MIT accompanied by the magnetic transition as observed by Boris et al. [3] . It is reported that LNO/LAO becomes insulating and magnetic in the thin LNO limit. Since the LDA+U type of method predicts a magnetic solution even for the bulk LNO, its predictive power is questionable in the thin LNO superlattice although it actually gives the ferromagnetic ground state [9, 26] . On the other hand, LDA or GGA predicts the PM phase [8, 9] while DMFT calculations are mainly concerned with the PM region at high temperature [1, 2] . In this situation QSGW can also provide useful information. We found that the PM metallic phase is well stabilized in the QSGW calculation while the stability of the magnetic solution is questionable as in the case of bulk LNO (see Sec. III. A). The system is likely located in the vicinity of the magnetic instability. The calculated number of Nie g electrons (N eg ), which can be an important indication for understanding MIT [27] , is just slightly reduced by QSGW, as summarized in Table I .
IV. DISCUSSION
Since the important missing part in the QSGW QPs is mainly the magnetic fluctuation and its effects are largely for the near-Fermi energy, the overall band structure determined by QSGW should be acceptable. At the same time, however, the following points can be considered regarding the limitation of our calculations. First, structural distortions (such as GdFeO 3 -type cage rotations and Jahn-Teller type), which were not taken into account in our calculation to reduce the computation cost, may be critically important. By reducing hopping, structural distortion can significantly enhance the electronic correlation. It is also noted that those distortions are actually found in the rare-earth nickelates, thin films and heterostructures [26, [28] [29] [30] . Second, although we failed to obtain a well-stabilized spin-polarized solution, it does not necessarily mean that the magnetic solution does not exist. Presumably the PM solution of QSGW is quite close to the magnetic phase boundary as discussed above. Our guess is that the numerical instability found in our spin-polarized calculation is likely related to the intrinsic magnetic instability. Finally, the intrinsic limitation of QSGW itself is also noted. While the charge fluctuation is taken into account at the RPA level, the energy dependence of the self-energy is neglected during the self-consistency cycle. Therefore, further improvement to describe the correlation can be achieved, for example, in combination with DMFT [31] .
V. SUMMARY
QSGW calculations have been performed to understand the electronic structure of LNO and the LNO/LAO superlattice. Without any ad hoc parameter or the ambiguity related to the double-counting and downfolding issue, the effects of correlation are well described in terms of the reduced bandwidth and the enhanced electron mass. Importantly, the Fermi surface topology does not become cuprate-like and one band physics is not achieved. This conclusion is consistent with a recent DMFT calculation based on the d-p model and in a sharp contrast to the result from the d-band only model. The PM solution especially for the superlattice is presumably located in the vicinity of the magnetic instability, which possibly indicates the critical role of structural distortions in the local moment formation in this system.
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